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The influence of an external electric field on the photoluminescence intensity of singlet excitons and charge
transfer complexes is investigated for a poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene]
(MDMO-PPV) diode and a bulk heterojunction of the PPV in combination with [6,6]-phenyl-C61 butyric acid
methylester (PCBM), respectively. The experimental data is related to the dissociation probability derived from
the Onsager–Braun model. In this way, a lower limit for the singlet exciton binding energy of MDMO-PPV
is determined as (327± 30) meV, whereas a significantly lower value of (203± 18) meV is extracted for the
charge transfer complex in a MDMO-PPV:PCBM blend.
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In recent years, joint efforts of a vast and expanding re-
search community have lead to a steady improvement of or-
ganic solar cell (OSC) power conversion efficiencies. How-
ever, even OSC record efficiencies of currently 8.3 %1 are
still trailing behind the ones of their inorganic counterparts —
a fact which can be attributed to the relatively low dielectric
constants (εr ≈ 3− 4) of the employed organic semiconduc-
tors. The resulting weak screening causes the primary pho-
toexcitations, i.e. the singlet excitons S1 created in the poly-
mer, to be strongly bound, thus making thermally induced dis-
sociation to free charge carriers highly improbable. In the bulk
heterojunction (BHJ) solar cell concept, dissociation is driven
by ultrafast photoinduced charge transfer between a donor and
an acceptor material (e.g. a conjugated polymer–fullerene
system). The interpenetrated donor–acceptor network leads to
the creation of charge transfer complexes (CTC), i.e. bound
electron–hole pairs at the heterointerface forming after sin-
glet exciton dissociation. While the energetics of those com-
plexes are already known to influence the overall OSC ef-
ficiency by setting the maximum limit for the open circuit
voltage2, the extent of the CTC’s impact on the equally im-
portant photocurrent is still controversially debated3,4. Nev-
ertheless, there exists a common notion that CTC can be pre-
cursors to at least some of the generated free charge carriers
if the coulombic CTC binding energy can be overcome by
an additional driving force. In order to contribute to the un-
derstanding of the underlying physical processes, we report
on the determination of the binding energy Eb,S1 of the sin-
glet exciton in poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-
1,4-phenylenevinylene] (MDMO-PPV) and Eb,CTC of the
CTC of the PPV derivative blended with [6,6]-phenyl-C61 bu-
tyric acid methylester (PCBM).
Due to the finite binding energy, a certain amount of the
created singlet excitons or CTC is not dissociated but recom-
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bines. The radiative part of the recombination can be observed
as photoluminescence (PL). The application of an increasing
external electric field constitutes an additional driving force
which leads to an enhanced singlet exciton or CTC dissoci-
ation and thus to a reduction of the PL intensity. This field
dependent PL quenching (PL(F)) has been observed for both
singlet excitons and CTC for a variety of material systems5,6
and is also regarded as a suitable technique for determining the
binding energy5,7 by relating it to the established Onsager–
Braun model8,9. This model comprises Braun’s adaption of
the Onsager theory to the case of the electron–hole pair being
the lowest excited state of the observed system10 and thus ap-
plies to both the singlet exciton and the CTC. The respective
dissociation probability is given by11
P(F) =
kd(F)
kd(F)+ k f
=
κ∗d(F)
κ∗d(F)+(µτ)−1
(1)
Here, F is the electric field, kd(F) and k f are the singlet
exciton or CTC dissociation and recombination rates, µ is the
sum of electron and hole mobilities and τ = 1/k f is the life-
time. kd(F) = µ ·κ∗d(F) can be expressed as11
kd(F) =
3γ
4pir3s
exp
(
− Eb
kBT
)
J1(2
√−2b)√−2b (2)
with the Langevin recombination factor γ = qµ/ε0εr, the
electron–hole distance rs, the coulombic binding energy Eb =
e2/(4piε0εrrs) and the thermal energy kBT . J1 is the Bessel
function of order one and b = e3F/
(
8piε0εr(kBT )2
)
where e
is the elementary charge and ε0εr is the effective dielectric
constant in the bulk. The relevant rates for the dissociation
of singlet excitons and CTC are shown in a simple energy
diagram in Fig. 1.
As can be seen in Fig. 1(a), the PL(F) method can only
give a lower limit for Eb,S1 since the dissociation of the singlet
exciton to polarons (P) involves a two-step process via the for-
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Figure 1: Rate models including the field dependent dissociation
rate kd(F) and the singlet exciton or CTC recombination rate k f
for a) MDMO-PPV and b) MDMO-PPV:PCBM.
mation of a polaron pair (PP)5. The dissociation probability
given by the Onsager–Braun theory (Eq. 1) can be related to
the actual PL(F) measurements by calculating the PL quench-
ing yield [PL(0)−PL(F)]/PL(0), where PL(F) and PL(0)
are the PL signals with and without an applied electric field,
respectively.
For the experiments, a standard solar cell sample
structure was utilised. A 35 nm layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) was spin
coated on top of an indium tin oxide covered glass substrate,
followed by 60 – 130 nm thick layers of the active materials
(i.e. pure MDMO-PPV (Sigma-Aldrich) and MDMO-PPV
blended with PCBM (Solenne) in a 1:1 weight ratio). Subse-
quently, the cathode consisting of Ca (3 nm) and Al (120 nm)
was thermally evaporated. Excitation was accomplished by
a 532 nm laser. PL spectra were detected with a monochro-
mator system whereas PL(F) for the determination of Eb was
recorded integrally by a stand-alone Si diode in combination
with various long pass filters. Here, the cut-on wavelength
was chosen as 550 nm for MDMO-PPV and 800 nm for
MDMO-PPV:PCBM. An external voltage was applied in
reverse bias direction in order to minimise effects of charge
carrier injection. All experiments were conducted at room
temperature.
The observed PL spectra of MDMO-PPV, PCBM and the
corresponding blend system are shown in Fig. 2. The lower
energetic peak in the blend spectrum is not apparent in any of
the pure material spectra and is attributed to a CTC. It should
be noted that for the chosen weight ratio of 1:1 – unlike the in
terms of photovoltaics better performing and therefore com-
monly used 1:4 ratio – the blend spectrum does not show any
residual PL originating from domains of pure PCBM in the
bulk12. Such an emission would cause an offset in the integral
PL(F) signal and hinder the determination of Eb.
The application of the Onsager–Braun model using the pa-
rameters T = 297 K, µτ = 1 · 10−17 V/m and εr = 3.0 for
MDMO-PPV13 or εr = 3.4 for MDMO-PPV:PCBM (with
εr = 3.9 for PCBM14) reveals a good agreement with the ex-
perimentally obtained data (see Fig. 3 and 4). In contrast to
other works15, a high field dependent PL reduction of more
than 80 % is reached which allows for the accurate determi-
nation of Eb. The highest inaccuracy stems from measuring
the sample layer thicknesses and thus from the calculation of
the applied electric fields, leading to the curves showing the
experimental error bars in Fig. 3 and 4. For MDMO-PPV, a
1.2
1.0
0.8
0.6
0.4
0.2
PL
 [a
.u.
]
1000 900 800 700 600
Wavelength [nm]
2.22.01.81.61.41.2
Energy [eV]
0 V
-5 V
-10 V
-15 V
-20 V
PCBM MDMO-
PPV
MDMO-PPV:
  PCBM 1:1
Figure 2: PL spectra of MDMO-PPV (dashed line), PCBM (dot-
ted line) and MDMO-PPV:PCBM in a 1:1 weight ratio (solid
line labeled 0 V) and field dependent PL spectra of the blend
system (solid lines). The highlighted rectangle marks the inte-
grated spectral region for the PL(F) experiments on the blend
system.
lower limit for the binding energy of the singlet exciton is de-
termined as Eb,S1 ≥ (327± 30) meV (Fig. 3), corresponding
to an electron–hole distance of rs ≈ 1.47 nm. This Eb,S1 is
consistent with the 0.4 eV reported in literature for other PPV
derivatives7,16.
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Figure 3: PL quenching yield for the singlet exciton emission of
MDMO-PPV (circles) in comparison to the dissociation proba-
bility predicted by the Onsager–Braun theory (solid lines).
3In comparison, the binding energy of the CTC in MDMO-
PPV:PCBM is found to be at a significantly lower value of
Eb,CTC = (203±18) meV (Fig. 4) with an electron–hole dis-
tance of rs ≈ 2.08 nm.
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Figure 4: PL quenching yield for the CTC emission of MDMO-
PPV:PCBM (circles) in comparison to the dissociation probabil-
ity predicted by the Onsager–Braun theory (solid lines).
For a similar material system, Hallermann et al.15 reported
a much smaller binding energy of Eb,CTC = 130 meV de-
spite finding an only slightly different electron–hole distance
rs = 1.88 nm. However, the low binding energy implies an
unrealistically high dielectric constant of εr = 5.9 instead of
the literature value of 3.413,14. In any case, Eb,CTC is found
to be much higher than the thermal energy of about 25 meV
which makes thermal dissociation unfeasible. CTC dissocia-
tion under solar cell working conditions (i.e. in the presence
of electric fields below 107 V/m where only a weak field de-
pendence is observed17) has recently been suggested to oc-
cur via excited (‘hot’) CTC3, a mechanism whose relevance
is supported by transient optical spectroscopy measurements
on poly(3-hexylthiophene) (P3HT):PCBM devices18. Yet, the
CTC probed by PL in the presented work are more likely to
be thermally relaxed so that the reported Eb,CTC might only be
an upper limit for the binding energy. These considerations
emphasise the need for further investigations concerning this
topic in order to elucidate the detailed mechanism for charge
generation.
In conclusion, we have related field dependent PL mea-
surements to the established Onsager–Braun model. In this
way, we were able to accurately determine a lower limit for
the binding energy of the singlet excitons in MDMO-PPV
(Eb,S1 ≥ (327± 30) meV) and an upper limit for the bind-
ing energy of the CTC in MDMO-PPV:PCBM (Eb,CTC ≤
(203±18) meV).
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